Microbes provide an intriguing system to study social interaction among individuals within a population. The short generation times and relatively simple genetic modification procedures of microbes facilitate the development of the sociomicrobiology field. To assess the fitness of certain microbial species, selected strains or their genetically modified derivatives within one population, can be fluorescently labelled and tracked using microscopy adapted with appropriate fluorescence filters. Expanding colonies of diverse microbial species on agar media can be used to monitor the spatial distribution of cells producing distinctive fluorescent proteins.
Introduction
In the last decades, microbes have been recognized as social communities associated with various ecosystems on earth 1, 2 . In contrast to planktonic cultures used in general laboratory practice, microbes in the environment show a diverse range of spatial community structures depending on the ecological setting. Simple microbial systems can be utilized to understand the consequence of spatial structures on the evolution of social interactions 3, 4 . Publications in the last 2-3 years using both eukaryotic and prokaryotic model systems highlighted the impact of spatial structures on the stability of cooperation within microbial populations [5] [6] [7] [8] . Additionally, obligate interactions among microbes, e.g. metabolic cross-feeding, might also alter the spatial distribution of interacting partners [9] [10] [11] . The influence of spatial structure in these studies is mostly examined using surface attached sessile cells inhabiting the so-called biofilms or in colonies growing on the surface of an agar medium. Genetic drift resulting in high spatial assortment can be observed in microbial colonies where nutrient depletion at the edge of a cell division mediated expansion results in series of genetic bottlenecks that causes high local fixation probability for certain clonal linages 12 . Genetic drift can be therefore employed to examine the role of spatial segregation in microbial colonies.
In the environment, biofilms are multispecies communities surrounded by self-produced polymeric matrix 13 . Biofilm structure, function and stability depend on a complex network of social interactions where bacteria exchange signals, matrix components and resources, or compete for space and nutrients using toxins and antibiotics. Bacillus subtilis is a soil dwelling and root-colonizing bacterium that develops highly organized biofilm communities 14 . In analogy to social insects, B. subtilis cells employ a division of labor strategy, developing subpopulations of extracellular matrix producers and cannibals, motile cells, dormant spores and other cell types 15, 16 . The differentiation process is dynamic and can be altered by environmental conditions 17, 18 . Strategies of surface colonization by bacteria can be easily manipulated under laboratory conditions by modifying the agar concentration in the growth media. At low agar levels (0.2-0.3%), bacteria harboring active flagella are able to swim, while semi-solid agar (0.7-1% agar) facilitates flagellum driven community spreading, called swarming [19] [20] [21] . In the absence of flagellum, certain bacterial strains are able to move over semi-solid medium via sliding, i.e. growth dependent population expansion facilitated by exopolysaccharide matrix and other secreted hydrophobin compounds [22] [23] [24] . Finally, bacteria which are capable of biofilm development form architecturally complex colonies on hard agar medium (1.2-2%) 14, 17, 25 . While these traits are examined in the laboratory by precisely adjusting the conditions, in natural habitats these surfacespreading strategies might transit gradually from one to another depending on the environmental conditions 26 . While single cell based motility is critical during initiation of biofilm development at the air-liquid interface in both Gram-positive and -negative bacteria . However, spatial organization during the development of B. subtilis colony biofilms depends on the density of the bacterial inoculum used to initiate the biofilm 8 .
Here, we use B. subtilis to show that spatial segregation during surface colonization depends on the mechanism of population level motility (i.e. swarming or sliding), and colony biofilm development depends on the founder cell density. We present a fluorescent microscopy tool that can be applied to continuously monitor microbial biofilm growth, surface colonization and assortment at the macro scale. Further, a quantification method is presented to determine the relative strain abundance in the population. 2. Spot 2 μl of mixed culture on the middle of a pre-dried plate (see Figure 1 ) and further dry the plate for 10 min after inoculation. NOTE: For constitutively expressed fluorescence genes in B. subtilis, green-and red-fluorescence with 1.5 and 3 sec exposure times can be used, respectively. Additionally, 10 msec exposure time is appropriate for visible light.
3. Use the magnification that allows the detection of the whole biofilm colony and adjust the colony in the middle of the field of view. NOTE: As for swarming and sliding expansions, the optimal exposure times to detect the fluorescence signals in the biofilm colonies depends on the expression level of the fluorescent protein coding genes. For the representative results below, green-and red-fluorescence was detected using 1 and 3 sec exposure intervals, respectively. 4. For time-lapse imaging, obtain images at certain intervals using constant exposure times. 5. Save the fluorescence stereomicroscope recorded images in a file format that is recognized by ImageJ software for quantitative data analysis. 
Data Analysis

Discussion
The availability of a fluorescent toolbox for bacteria facilitates not only the study of heterogeneous gene expression 30, 31 and protein localization 32 , but also the analysis of spatial distribution of strains within a population 8 . Fluorescent markers with sufficiently different excitation and emission wavelengths allow to distinctly localize two strains that otherwise are indistinguishable from each other when mixed. The described protocol can be employed for observing the population dynamics in mixed cultures, e.g. competition experiments or synergism between strains or species. The ability to determine the relative abundances of fluorescently labelled strains in a mixed population is not restricted to surface attached swarming, sliding, or biofilm colonies, but can also be used for other multicellular biofilm systems, including submerged, flow cell or air-medium interface biofilms 27, [33] [34] [35] .
While the presented technique is a powerful tool to detect spatial distribution of strains and design competition experiments, it also allows following gene expression heterogeneity in expanding colonies. The culturing conditions described here apply for B. subtilis and the exact parameters for expansion on agar media might require optimization for other species or strains 20 . Placing the samples in an incubation chamber while imaging permits the experimenter to follow the population dynamics in time, although attention should be given to the humidity level within the chamber during the incubation.
The techniques described here also require the genetic modification of the examined bacterial strains so that the strains express fluorescent markers which can be distinguished from each other. Moreover, besides having distinct excitation and emission spectra, it is recommended that the two chosen fluorescent markers have similar quantum yields (i.e. ratio of absorbed photons that are emitted) and are expressed in a comparable level. In addition, relative intensity changes in time can be measured and normalized to an early time-point of an experiment. The relative increase or decrease can be then compared between different fluorophores with different quantum efficiencies. For the presented experimental system, different green-and red-fluorescent proteins were tested previously 36, 37 to select for the most optimal fluorescent pairs that can be detected in B. subtilis. The optimal exposure time should be determined for each fluorescent protein and sample. Certain cell densities or multiple layers of cells might be required to detect the signal efficiently within the population. Certain fluorescent proteins might have low intensities in the bacterial cells due to inefficient expression and/or translation of the protein and thus low quantum yield. Such inefficient fluorescent markers could reduce the sensitivity of the system and extend the time needed to detect the bacterial strains possibly resulting in cytotoxicity by the excitation light. The fluorescent intensities can be accordingly modified by altering the promoter used to express the fluorescent reporter coding gene. An expression level that is too high could result in unnecessary overproduction of the fluorescent protein leading to detrimental fitness costs for the bacterium. When performing competition experiments, one should consider the cost of particular fluorescent protein production in the cells. Control experiments, where the fluorescent markers are swapped between competed strains or where two isogenic strains differing only in their fluorescent markers are competed against each other, are always required to determine any bias toward one marker. The lifetimes of the fluorescent proteins within the cells might also affect the measured intensity. In addition, the autofluorescence of certain bacterial species might require the use of different fluorescent markers other than described here.
To precisely determine the spatial distributions and abundances of the distinct bacterial strains, the background signal originating from the first fluorescent protein while using the fluorescence filter for the second fluorescent marker and vice versa should be individually tested on monoculture samples (containing bacteria producing only one marker). This allows the subtraction of overlapping fluorescent signal intensities. Importantly, as the stereomicroscope records the fluorescence signal from above the expanding colony, the presented protocol is convenient to determine the spatial arrangement in two dimensions. The architecture of the expanding bacterial population could result in varying fluorescence levels (i.e. wrinkle-like structures might contain more cells displaying higher local fluorescence intensities). Therefore, the described analysis of the images determines the spatial distribution, but not the abundance of the strains within a certain location. Previous protocols described the sample preparation for swarming 20 or fluorescence imaging of population dynamics in bacterial colonies 38 , but our protocol combines these techniques. Other microscopy techniques that permit the observation of three dimensional resolution of the population structure (e.g. confocal laser scanning microscopy 39, 40 or structured illumination microscopy 41 ) can be applied for samples with increased structural complexities. These additional techniques also support single cell based detection of the strains 31 that is not available using stereomicroscopes.
